Abstract. Breast cancer is the most prevalent cancer among women, and diagnosis and treatment represent a substantial challenge due to the lack of adequate molecular targets. It has been shown that long noncoding RNAs (lncRNAs) serve pivotal roles in regulating gene expression in tumors. The roles of long intervening noncoding RNA (Linc)-OIP5 has been demonstrated in different types of cancer; however, its function in breast cancer has not been determined. In the present study, expression of Linc-OIP5, YAP1 (Hippo signaling component) and JAG1 (Notch signaling component) in breast cancer cells with different degrees of malignancy were determined. To assess whether Linc-OIP5 regulated the malignant biological behaviors of MDA-MB-231 cells, its expression was knocked down using a specific small interfering RNA (siRNA), and cell proliferation was determined using a CCK-8 assay, apoptosis was evaluated using an Annexin V-FITC apoptosis detection kit, migration was assessed using a wound healing and transwell migration assays, and cell invasion examined using a transwell invasion assays. The effect of Linc-OIP5 knockdown on YAP1 and JAG1 expression was quantified using reverse transcription-quantitative PCR and immunoblotting. Cell proliferation, migration and invasion were reduced, while apoptosis was increased in MDA-MB-231 cells transfected with Linc-OIP5-specific siRNA. Mechanistic investigations showed that Linc-OIP5 knockdown downregulated YAP1 and JAG1 expression. The results of the present study suggest that Linc-OIP5 affects the malignant biological behaviors of MDA-MB-231 cells, at least partly through its effects on YAP1/JAG1 signaling. Whilst there are a number of mechanisms underlying the pathogenesis of breast cancer, the results of the present study highlight Linc-OIP5 as a potential therapeutic target in breast cancer.
Introduction
Breast cancer is the most commonly diagnosed malignancy and one of the leading causes of cancer-associated death in women worldwide (1) (2) (3) (4) (5) . Breast tumors are heterogeneous neoplasms, composed of multiple subtypes, which exhibit distinct morphologies and clinical features (6, 7) . Clinically, although great advances have been made in the treatment of breast cancer over the last decade, recurrence and metastasis remain the principal causes of mortality in patients with this disease (2, (8) (9) (10) (11) . Therefore, elucidating the pathogenic mechanisms underlying breast cancer development and progression to identify prognostic biomarkers may provide potentially novel therapeutic targets.
Long noncoding RNAs (lncRNAs) are a class of noncoding RNAs >200 nucleotides in length which are transcribed from across the genome and participate in a variety of physiological and pathological processes as posttranscriptional regulators of gene expression (12) (13) (14) (15) (16) . Long intervening noncoding RNAs (lincRNAs) are a type of lncRNA that have been demonstrated to be transcript units between protein coding genes, and display distinct tissue-and cell-specific expression (12, 13) . Accumulating evidence indicates that the abnormal expression of specific lincRNAs is closely associated with tumor initiation, progression, and metastasis (17, 18) . Linc-OIP5, a novel cancer-associated lincRNA, is dysregulated in various types of cancer (12, 19) ; for example, Deng et al (12) demonstrated that Linc-OIP5 functions as an oncogene in lung adenocarcinoma. Additionally, Linc-OIP5 contributes to carcinogenic potential by controlling multiple myeloma cell proliferation and apoptosis (19) . Therefore, Linc-OIP5 is considered to be an oncogene involved in tumorigenesis and progression. Although a number of reports have functionally characterized Linc-OIP5 in several tumors, the functional significance of Linc-OIP5 in breast cancer is largely unknown.
Linc-OIP5 loss regulates migration and invasion in MDA-MB-231 breast cancer cells by inhibiting YAP1/JAG1 signaling
Yes-associated protein 1 (YAP1) and Jagged 1 (JAG1) are key components of the Hippo and Notch pathways, respectively, which participate in several biological processes, including maintenance of tissue homeostasis, regulation of stem cells in adults and progression of various tumors (6, 7, (20) (21) (22) (23) (24) (25) . YAP is a transcriptional coactivator which controls the activity of Hippo signaling through its phosphorylation and dephosphorylation, and binds with the TEA domain (TEAD1) transcription factor to activate target genes downstream of Hippo signaling (25) (26) (27) . JAG1 is a key ligand of the Notch pathway, implicated in tumorigenesis and vascularization (28) (29) (30) . YAP1 has been demonstrated to regulate oncogenic phenotypes of breast cancer cells (31) (32) (33) (34) , and JAG1 is associated with recurrence and poor prognosis in patients with breast cancer (35) (36) (37) . Interestingly, it has previously been shown that YAP1 acts upstream of the Notch pathway and upregulates JAG1 expression (20, 25, 38) . Based on unpublished data from our laboratory, it has been demonstrated that Linc-OIP5 knockdown influences the proliferation, migration, and tube formation of endothelial cells when cocultured with breast cancer cells. Furthermore, the expression of YAP1 and JAG1 in breast cancer cells with high-grade malignancy is significantly higher compared with breast cancer cells with moderate-grade malignancy, highlighting their potential as breast tumor markers, which warrant further investigation (unpublished data). In the present study, it was demonstrated that YAP1 and JAG1 can synergistically regulate the tumorigenesis and progression of breast cancer cells and the effects of Linc-OIP5 on this regulation was determined.
Linc-OIP5 may regulate the proliferation, apoptosis, migration and invasion of breast cancer cells, at least partly, by modulating the signaling pathways involving YAP1/JAG1, highlighting the therapeutic potential of targeting Linc-OIP5 for treating patients with breast cancer.
Materials and methods
Cell lines and culture conditions. The human breast cancer cell lines (MDA-MB-231 and MCF-7) were purchased from The Cell Bank of Type Culture Collection of the Chinese Academy of Sciences and cultured in DMEM (Thermo Fisher Scientific Inc.) supplemented with 10% FBS (Thermo Fisher Scientific Inc.) and 1% penicillin-streptomycin (Hyclone; GE Healthcare Life Sciences) in a humidified atmosphere at 37˚C with 5% CO 2 .
Reverse transcription-quantitative (RT-q)PCR and RT-PCR.
Total RNA from cultured cells was isolated using a miRNA kit (Omega Bio-Tek Inc.), according to the manufacturer's protocol. Total RNA concentration was evaluated by measuring the absorbance at 260/280 nm using a NanoDrop-2000 (Thermo Fisher Scientific Inc.). RNA samples were reverse transcribed using a Reverse Transcription kit (Roche Diagnostics GmbH) to synthesize cDNA, according to the manufacturer's protocol. The reverse transcription temperature protocol was: 65˚C for 10 min, 25˚C for 10 min, 50˚C for 1 h and 85˚C for 5 min.
RT-PCR was performed on a thermal cycler (Bio-Rad Laboratories Inc.) with 2x Taq PCR Master mix (KT201-01; Tiangen Biotech Co., Ltd.), according to the manufacturer's protocols. The thermocycling conditions for Linc-OIP5 and YAP1 were: Pre-denaturation at 95˚C for 5 min; followed by 30 cycles of 95˚C for 30 sec, 60˚C for 30 sec and 72˚C for 2 min; with a final extension step at 72˚C for 5 min. The thermocycling conditions for JAG1 mRNA was: Pre-denaturation at 95˚C for 5 min; followed by 30 cycles of 95˚C for 30 sec, 60˚C for 30 sec and 72˚C for 30 sec; with a final extension at 72˚C for 7 min. The thermocycling conditions for GAPDH was: Pre-denaturation at 94˚C for 3 min; followed by 30 cycles of 94˚C for 30 sec, 55˚C for 30 sec and 72˚C for 1 min; with a final extension step at 72˚C for 5 min. The following primer pairs were used to detect the mRNA levels of the indicated genes by RT-PCR: Linc-OIP5 forward, 5'-GCT GCG AAG ATG GCG GAG TAA G-3' and reverse, 5'-GCA CGG ACG CGC CTA ACA C-3'; YAP1 forward, 5'-ACT CGG CTT CAG GTC CTC TTC C-3' and reverse, 5'-TGG CTA CGC AGG GCT AAC TCC-3'; JAG1 forward, 5'-CAG TGC TAC AAC CGT GCC AGT G-3' and reverse, 5'-CCC TCC CAG CCG TCA CTA CAG-3'; and GAPDH forward, 5'-CAG GAG GCA TTG CTG ATG AT-3' and reverse, 5'-GAA GGC TGG GGC TCA TTT-3'. The RT-PCR products were detected using agarose gel electrophoresis, and the images were sequentially scanned using a gel imaging system (Bio-Rad Laboratories Inc.).
RT-qPCR was performed on a StepOne™ PCR system (Thermo Fisher Scientific Inc.) with a SYBR ® Premix Ex Taq™ (Roche Diagnostics GmbH), according to the manufacture's protocols. The RT-qPCR thermocycling conditions were: Prevention of cross-contamination at 50˚C for 2 min; 95˚C pre-denaturation for 10 min; followed by 40 cycles of 95˚C denaturation for 15 sec, 60˚C annealing for 1 min and 95˚C extension for 15 sec; with a final extension step at 72˚C for 5 min. Fluorescent signals were collected at 72˚C. The following primer pairs were used to detect the mRNA levels of the indicated genes by RT-qPCR: Linc-OIP5 forward, 5'-GCT GCG AAG ATG GCG GAG TAA G-3' and reverse, 5'-CAC GGT CCA ACA GAT GCA CTC G-3'; YAP1 forward, 5'-CCT GCG TAG CCA GTT ACC AAC AC-3' and reverse, 5'-GCT GCT CAT GCT TAG TCC ACT GTC-3'; JAG1 forward, 5'-TGT GGC TTG GAT CTG TTG CTT GG-3' and reverse, 5'-ACG TTG TTG GTG GTG TTG TCC TC-3'; and GAPDH forward, 5'-CAG GAG GCA TTG CTG ATG AT-3' and reverse, 5'-GAA GGC TGG GGC TCA TTT-3'. The relative expression of the genes was calculated using the 2 -∆∆Cq method and the experiments were performed three times (39) . The relative abundance of specific mRNA molecules was calculated using GAPDH mRNA for normalization. All the primers for RT-PCR and RT-qPCR were purchased from Sangon Biotech (Shanghai Sangon).
Immunofluorescence. A total of 7x10 4 cells were seeded into 24-well plates with a coverslip on the bottom and incubated at 37˚C in 5% CO 2. After 8 h, the cells on the coverslips were fixed with 4% paraformaldehyde (Wuhan Boster Biological Technology, Ltd.) for 10 min at room temperature and permeabilized for 20 min in 0.1% Triton X-100 (Beijing Solarbio Science & Technology Co., Ltd.). After blocking in goat serum (Wuhan Boster Biological Technology, Ltd.) for 30 min, slides were incubated with a primary antibody overnight at 4˚C. Subsequently, slides were incubated with a goat anti-rabbit immunoglobulin G (IgG) FITC-conjugated secondary antibody (1:50 dilution; cat. no. SA00003-2; ProteinTech Group, Inc.) for 1 h at room temperature. Slides were subsequently counterstained with DAPI (cat. no. C1002; Beyotime Institute of Biotechnology) in the dark for 5 min at room temperature. The following primary antibodies were used for immunofluorescence staining: YAP1 (1:200 dilution; cat. no. GTX129151; GeneTex, Inc.) and JAG1 (1:100 dilution; cat. no. GTX48691; GeneTex, Inc.). Immunofluorescence images were acquired using an inverted fluorescence microscope (Ti-SR; Nikon Corporation; magnification, x100).
Western blotting. Cells were lysed in RIPA lysis buffer supplemented with protease inhibitors (Applygen Technologies, Inc.). Protein concentrations were quantified using a bicinchoninic acid Protein assay kit (Applygen Technologies, Inc.) and equivalent quantities of protein (20 µg) from each sample were loaded on a 10% SDS gel and resolved using SDS-PAGE and transferred to PVDF membranes (EMD Millipore). Membranes were blocked with 5% non-fat milk in TBS-Tween (TBST; OriGene Technologies, Inc.) for 1 h at room temperature, and subsequently incubated overnight at 4˚C with the indicated primary antibodies. The following day, PVDF membranes were washed three times with TBST and incubated with the appropriate horseradish peroxidase-conjugated Affinipure Goat anti-mouse/rabbit IgG secondary antibodies (1:10,000 dilution; cat. no. SA00001-1/SA00001-2, respectively; ProteinTech Group, Inc.) for 1 h at room temperature. Immunoreactive bands were visualized using an enhanced chemiluminescence kit (Biosharp Life Sciences). β-actin was used as the loading control. The following primary antibodies were used: YAP1 (1:200 dilution; cat. no. GTX129151; GeneTex, Inc.), JAG1 (1:100 dilution; cat. no. GTX48691; GeneTex, Inc.) and β-actin (1:1,800 dilution; cat. no. RPB340Mi01; Beyotime Institute of Biotechnology). An Amersham Imager 600 was used to image the blots (GE Healthcare), Image-pro plus (version 7; Media Cybernetics, Inc.) was used for densitometric analyses of immunoblots and quantification results were normalized to those of the loading control.
Small interfering RNAs (siRNAs).
Small interfering RNA duplexes targeting Linc-OIP5 and negative control siRNA duplexes were synthesized and purchased from Shanghai GenePharma Co., Ltd. The siRNA sequences were as follows: Negative control (NC) siRNA duplexes sense, 5'-UUC UCC GAA CGU GUC ACG UTT-3' and antisense, 5'-ACG UGA CAC GUU CGG AGA ATT-3'; siLinc-OIP5 Duplex 1 sense, 5'-CCU ACU GCC UUG UAA GAA UTT-3' and antisense, 5'-AUU CUU ACA AGG CAG UAG GTT-3'; siLinc-OIP5 Duplex 2 sense, 5'-CCA GCU GUC UUU GUG UCU UTT-3' and antisense, 5'-AAG ACA CAA AGA CAG CUG GTT-3'; siLinc-OIP5 Duplex 3 sense, 5'-CCA GUU AUC CUG CUA ACA UTT-3' and antisense, 5'-AUG UUA GCA GGA UAA CUG GTT-3'.
A mixture of the three siRNAs targeting Linc-OIP5 were used, in a 1:1:1 ratio. MDA-MB-231 cells when they had reached 70-80% confluence using Lipofectamine ® 3000 Transfection Reagent (Thermo Fisher Scientific Inc.) according to the manufacturer's protocol. Cells were seeded at a concentration density of 2.7x10 5 cells per well in 6-well plates. At 48 h post-transfection, the effectiveness of siRNA knockdown was assessed by RT-qPCR.
Cell proliferation assays. MDA-MB-231 cells were collected 48 h after transfection with Linc-OIP5 siRNA or NC siRNA, and analyzed using a Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc.), according to the manufacturer's protocols. Cells were seeded in 96-well plates at a density of 3x10 3 cells/well and CCK-8 reagent (10 µl/well) was added into medium without serum (90 µl/well) and incubated for 3 h at 37˚C. The amount of formazan dye generated by cellular dehydrogenase redox was measured by absorbance at 450 nm using a microplate reader (Molecular Devices, LLC), with the amount produced being proportional to the number of living cells. Cell proliferation was measured every 24 h for 3 days, with the optical density values of each well representing the survival/proliferation of cells. These experiments were repeated at least three times independently.
Wound healing assays. Wound healing assays were used to analyze the migratory ability of MDA-MB-231 cells transfected with Linc-OIP5 siRNA. A total of 3x10 5 cells per well were seeded into 24-well plates and cultured in DMEM with 1% FBS at 37˚C in 5% CO 2 for 48 h to allow the cells to adhere and form a confluent monolayer. Subsequently, the monolayers were scratched using the tip of a 10 µl pipette tip. The scratched wound was rinsed three times with PBS to remove debris. Cells were incubated at 37˚C in 5% CO 2 and monitored for 24 h. Wound healing was monitored by taking digital images from three different fields of view and from three independent samples at 0, 12, and 24 h after scratching. Scratch-wound images were captured using an inverted light microscope (TE2000-S; Nikon Corporation; magnification, x40).
Transwell migration and invasion assays. Transwell assays were performed using 24-well Transwell plates (Corning Inc.). A total of 5x10 4 cells in serum-free DMEM (200 µl) were added to the upper chamber of each insert, while the medium in the lower chambers (600 µl) was supplemented with 10% FBS. After a 24 h incubation at 37˚C, cells on the upper surface of the membrane were removed with a cotton tip, while those on the lower surface were stained for 20 min at room temperature with 0.1% crystal violet (Beijing Solarbio Science & Technology Co., Ltd.). For Transwell invasion assays, cells (1x10 5 ) were seeded in the upper chamber of inserts precoated with 40 µl Matrigel (BD Biosciences) prior to adding the 200 µl serum-free DMEM to the upper chamber. In the lower chamber, 600 µl DMEM supplemented with 10% FBS was added. Cells were incubated overnight at 37˚C, after which the cells on the upper surface of the upper chamber were removed, whereas the invasive cells on the lower surface were fixed with methanol and stained with 0.1% crystal violet for 20 min at room temperature. Images were captured of three different fields of view, from three independent samples, using an inverted light microscope (TE2000-S; Nikon Corporation; magnification, x100). Quantitative analysis of migratory and invasive cells was performed using ImageJ software (version 1.48 v; NIH Inc., Bethesda, Md, USA).
Flow cytometry. Apoptotic cells were determined using an Annexin V-FITC apoptosis detection kit (cat. no. 556547; BD Biosciences, Franklin Lakes, NJ, USA), according to the manufacturer's protocols. The assay was performed with two-color analysis of FITC (green)-labeled Annexin V binding and PI (red) uptake. Cells (5x10 5 ) were harvested and resuspended in 100 µl 1x binding buffer and stained with 5 µl FITC-Annexin V and 5 µl PI for 15 min in the dark at room temperature. Cell apoptosis was quantified using Cell Quest version 0.9.13 alpha (BD Biosciences) and data were analyzed using FlowJo version 10.1 (FlowJo LLC.). Results were calculated from three independent experiments.
Confocal laser-scanning microscopy. The annexin V-FITC apoptosis detection kit uses double staining to identify apoptotic cells using a confocal laser-scanning microscope (Olympus Corporation). The staining procedure was the same as described above for flow cytometry, and a drop of the cell suspension was placed on a glass slide and observed under a confocal microscope. Confocal images were obtained from three different fields of view from three independent samples (magnification, x200).
Statistics and repeatability of experiments.
Data are presented as the mean ± standard deviation (s.d.) of at least three repeats, and all error bars indicate s.d. SPSS version 21.0 (IBM Corp.) and GraphPad Prism version 7.0 (GraphPad Software Inc.) were used to evaluate statistical significance. A one-way ANOVA was used to compare the mean values between three or more data sets, with a post-hoc Student-Newman-Keuls test or the non-parametric Tamhane T2 test to compare the mean of each data set with that of every other data set. Statistical comparisons of the means of two data sets were performed using an unpaired Student's two-tailed t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of Linc-OIP5, YAP1 and JAG1 is upregulated in MDA-MB-231 cells. To understand the associations between
Linc-OIP5, YAP1 and JAG1 in human breast cancer, their expression in breast cancer cells with different degrees of malignancy was determined using RT-qPCR. Linc-OIP5, YAP1 and JAG1 were all expressed in all breast cancer cells assessed at the mRNA level ( Fig. 1A and B) . The expression levels of Linc-OIP5 (P<0.05), YAP1 (P<0.01) and JAG1 (P<0.01) in MDA-MB-231 cells, which exhibit the highest degree of malignancy, were significantly higher compared with MCF-7 cells which are typically less malignant (Fig. 1A and  B) . Immunofluorescence and western blotting analyses further demonstrated the differential expression of YAP1 and JAG1 in the breast cancer cell lines at the protein level (Fig. 1C-E) . The expression of YAP1 and JAG1 in MDA-MB-231 cells at the protein level was significantly higher compared with MCF-7 cells (P<0.05 and P<0.001, respectively) ( Fig. 1C-E) . Based on these data, MDA-MB-231 cells were used for further experimental analyses.
Knockdown of Linc-OIP5 inhibits cell proliferation and increases apoptosis in MDA-MB-231 cells.
To determine the biological effects of Linc-OIP5 during the initiation and progression of breast cancer, its expression was knocked down in MDA-MB-231 cells using siRNA and the effects of knockdown on proliferation and apoptosis were investigated. RT-qPCR analysis showed that the mRNA expression levels of Linc-OIP5 was significantly decreased following transfection of Linc-OIP5 siRNA compared with NC-siRNA or mock-treated controls (P<0.01; Fig. 2A ).
The results of the cell proliferation (CCK-8) assays showed that Linc-OIP5 knockdown significantly decreased proliferation of MDA-MB-231 cells compared with the NC siRNA group after 24 h (P<0.01; Fig. 2B) . Additionally, the rate of apoptosis in MDA-MB-231 cells following knockdown of Linc-OIP5 was detected using Annexin V-FITC/PI double staining combined with flow cytometry (Fig. 2C) and confocal laser-scanning microscopy (Fig. 2D) . The results showed a significant increase in the rate of apoptosis and Annexin V staining when Linc-OIP5 was knocked down in MDA-MB-231 cells compared with the NC siRNA group (flow cytometry, P<0.01; confocal microscopy, P<0.001). These results suggest that Linc-OIP5 knockdown significantly inhibited the proliferation and promoted apoptosis of MDA-MB-231 cells.
Knockdown of Linc-OIP5 decreases cell migration and invasion in MDA-MB-231 cells. To determine the role of
Linc-OIP5 in regulating the malignancy of MDA-MB-231 cells, cell migration and invasion were measured following Linc-OIP5 knockdown in vitro. Wound healing and transwell migration assays demonstrated that the migratory ability of MDA-MB-231 cells was reduced significantly following knockdown of Linc-OIP5. MDA-MB-231 cells transfected with Linc-OIP5 siRNA exhibited a decreased migratory capacity in the wound healing assay compared with the control group after 12 and 24 h (P<0.05 and P<0.01, respectively; Fig. 3A) . Similarly, the results of the transwell migration assays showed that the number of cells which had migrated through the membrane was significantly decreased in cells transfected with Linc-OIP5 siRNA compared with the control group (P<0.05, P<0.01, respectively; Fig. 3B ). Additionally, a transwell invasion assay was used to elucidate the effects of Linc-OIP5 knockdown on the invasive ability of MDA-MB-231 cells. The results showed that the number of cells which had invaded through the Matrigel was significantly decreased in the MDA-MB-231 cells transfected with Linc-OIP5 siRNA (P<0.01; Fig. 3C ). These data demonstrate that Linc-OIP5 enhances the metastatic capacity of MDA-MB-231 breast cancer cells.
Linc-OIP5 knockdown downregulates the expression of YAP1 and JAG1 in MDA-MB-231 cells.
To determine the mechanisms underlying the effects of Linc-OIP5 in increasing the malignant potential of MDA-MB-231 breast cancer cells, the expression levels of YAP1 and JAG1 were measured in MDA-MB-231 cells transfected with Linc-OIP5 siRNA, relative to NC-siRNA-or mock-treated controls. The results of western blotting showed that Linc-OIP5 knock down significantly reduced the protein expression levels of YAP1 and JAG1 in MDA-MB-231 cells compared with the control group (P<0.01; Fig. 4A ). Consistent with these findings, RT-qPCR analysis demonstrated that the YAP1 (P<0.01) and JAG1 (P<0.001) mRNA expression levels were also significantly reduced by knocking down Linc-OIP5 in MDA-MB-231 cells (Fig. 4B) . Therefore Linc-OIP5 knockdown decreased YAP1 and JAG1 expression levels in MDA-MB-231 cells.
Discussion
Several lncRNAs have emerged as important regulators of gene expression in mammary tumors. For example, loss of lncRNA (14), and lncRNA HOTAIR contributes to the development and tumorigenesis of breast cancer (3). Furthermore, Linc-OIP5 is closely associated with tumor initiation, progression and metastasis (17, 18) . Previous studies have shown that Linc-OIP5 contributes to the carcinogenic potential of lung adenocarcinoma and multiple myeloma (12, 19) . Based on unpublished data from our lab, Linc-OIP5 knockdown regulates the proliferation, migration and tube formation of endothelial cells when cocultured with breast cancer cells, suggesting that this molecule may be a promising marker for breast tumors. Additionally, Zeng et al (40) demonstrated that Linc-OIP5 was aberrantly expressed in breast cancer.
In the present study, to elucidate the functional effects of Linc-OIP5 on the development and progression of breast cancer, and the link between Linc-OIP5, YAP1 and JAG1, the expression levels of Linc-OIP5, YAP1, and JAG1 in breast cancer cell lines with different degrees of malignancy were determined. Expression of Linc-OIP5, YAP1, and JAG1 was shown to be highest in MDA-MB-231 cells, and thus, they were used for all subsequent experiments. Given that dysregulation of cell proliferation and apoptosis are hallmarks of cancer progression, the effects of Linc-OIP5 knockdown on cell proliferation and apoptosis in MDA-MB-231 cells were evaluated. It was demonstrated that Linc-OIP5 knockdown significantly increased proliferation and promoted apoptosis. Therefore, Linc-OIP5 may serve as an oncogene in breast cancer and its effects on cell proliferation may be associated with regulation of apoptosis. It should be noted however, that the green staining observed in the immunofluorescence experiments was not typical of Annexin-V staining. A possible explanation for this may be the uneven distribution of apoptotic protein (Annexin V) in MDA-MB-231 breast cancer cells. Furthermore, there is a misalignment between the bright-field and fluorescence images. This misalignment was the result of using two separate microscopes, as the confocal laser-scanning microscope used does not possess bright-field optics. Migration and invasion are considered to mediate the malignancy and metastatic capacity of tumors (2) . To determine the role of Linc-OIP5 in metastasis of MDA-MB-231 breast cancer cells, the migratory and invasive capacities of the cells following knockdown of Linc-OIP5 were examined. The results showed that Linc-OIP5 knockdown resulted in a significant reduction of cell migration and invasion, suggesting that Linc-OIP5 may serve as an oncogenic regulator which increases the malignant behaviors of MDA-MB-231 breast cancer cells, and that inhibiting Linc-OIP5 function may suppress the progression and metastasis of breast cancer.
The molecular mechanism underlying the effects of Linc-OIP5 on breast cancer cells were investigated in this study. It has been suggested that YAP1 and JAG1 are associated with progression and recurrence in breast cancer (31) (32) (33) (34) (35) (36) (37) . YAP1 acts upstream of the Notch pathway, as well as upregulating JAG1 expression (20, 25, 38) . Based on the above studies, it was hypothesized that Linc-OIP5 may influence the proliferation, migration, invasion and apoptosis of MDA-MB-231 breast cancer cells, and may act upstream of YAP1/JAG1 signaling. The expression of YAP1 and JAG1 were determined in MDA-MB-231 breast cancer cells treated with or without Linc-OIP5 siRNA. The results suggested that both the mRNA and protein expression levels of YAP1 and JAG1 were significantly lower in MDA-MB-231 cells treated with Linc-OIP5 siRNA compared with the control, indicating that the effect of Linc-OIP5 on the malignant behaviors of MDA-MB-231 cells was partially associated with YAP1/JAG1 signaling. Together, the results indicate that Linc-OIP5 may act upstream of YAP1/JAG1 signaling to affect the proliferation, apoptosis, invasion and migration of MDA-MB-231 breast cancer cells.
In order to demonstrate a causal link between silencing of Linc-OIP5 and the lower expression levels of YAP1 and JAG1, rescue experiments were performed (data not shown). Unfortunately, the experimental results were not as expected.
After consulting with a Plasmid Construction Company, the unexpected results may have been due to the use of a DNA construct >8,000 bp for Linc-OIP5 overexpression. This may have been too long, and ideally a <1,000 bp should be used as this typically leads to a higher success rate (Personal communication with the manufacturer). Therefore, establishing a causal link between Linc-OIP5 and YAP1/JAG1 will be the aim of future experiments. Future experiments should also investigate the function of Linc-OIP5 in EMT and in in vivo studies, possibly using xenograft mice models. EMT refers to the transformation of epithelial cells to mesenchymal cells under certain conditions, providing these cells with increased invasive and migratory capabilities (41, 42) . EMT is generally viewed as one of the primary mechanisms by which invasion and metastasis is increased (43) . Therefore future research should establish the association between Linc-OIP5 and EMT to ascertain whether the effects of Linc-OIP5 observed in vitro translates to in vivo.
In conclusion, the results of the present study demonstrate that Linc-OIP5 is upregulated in MDA-MB-231 breast cancer cells. In addition, Linc-OIP5 knockdown inhibits MDA-MB-231 cell proliferation, migration and invasion, while inducing apoptosis, at least in part, through YAP1/JAG1 signaling. Linc-OIP5 may regulate JAG1 signaling through YAP1 signaling. Regulation of YAP1 and JAG1 by Linc-OIP5 may be a novel mechanism of oncogenic signal regulation in breast cancer. Therefore, Linc-OIP5 may serve as a breast cancer oncogene and may be a suitable therapeutic target for treatments aimed at preventing tumor progression and metastasis in patients with breast cancer.
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